Potassium titanate, K 2 TiO 3 , with a chain structure of TiO 5 polyhedra was exfoliated in an aqueous nitric acid solution of pH ≤ 1 and Tyndall scattering due to the colloid formed by the exfoliation was observed. The colloidal particle size measured by dynamic light scattering was approximately 300 nm. Stripe pattern observed in transmission electron microscopy for the aggregated grains after their drying suggested the TiO 5 chains were exfoliated in acid solution. X-ray absorption showed that the coordination polyhedron around Ti 4+ changed from a square pyramid in K 2 TiO 3 powder to a distorted octahedron formed with the additional hydronium ions in the acidic solution.
Introduction
Ion exchange reactions of inorganic oxides with a tunnel or layer structure are attractive chemical processes for creating novel functional materials. 1, 2 Cathode materials for lithium ion batteries have been prepared from transition metal oxides with a tunnel structure. 3, 4 Inorganic-organic hybrid materials have also been obtained through ion exchange reactions. [5] [6] [7] [8] Recently, ion exchange reactions have been further developed to prepare nanoscale materials, such as nanosheets and nanoparticles. Many transition metal oxide and hydroxide nanosheets have been prepared through ion exchange and exfoliation reactions of layer compounds with organic molecules, such as tetrabutylammonium. [9] [10] [11] Single crystalline nanosheets are promising precursors for the construction of nanostructured materials, such as multilayer thin films, nanotubes and nanoparticles. [12] [13] [14] [15] [16] 
Characterization
The crystal phases were characterized using powder X-ray diffraction (XRD; Ultima IV, Rigaku). An air-tight sample holder filled with N 2 gas was used for XRD measurements of the moisture-sensitive K 2 TiO 3 powder. The particle 8 size distribution of the Ti colloidal solution was measured using dynamic light scattering (FDLS-3000, Otsuka Denshi) with the detectable range of 0.5 nm ~ 5
m. The scattered light intensity was plotted along the particle size to study its distribution. The zeta potential of the colloid solution was examined using a zeta potential analyzer (Delsa Nano HC, Beckman Coulter). Microstructure of the colloidal particle was observed by transmission electron microscopy (TEM;
JEM-2010, Jeol). A droplet of the solution was supported on a micro-grid coated copper mesh. Chemical composition of the solution separated by filtration was analyzed to study its ion exchange behavior by using inductively coupled plasma-atomic emission spectroscopy (ICP-AES; ICPE-9000, Shimadzu). Ti K-edge X-ray absorption was measured for K 2 TiO 3 powder and the Ti colloidal solution in a thin polyethylene bag using the fluorescence mode at the BL-9C beamline of the Photon Factory, High Energy Accelerator Research Organization (KEK), Tsukuba. Extended X-ray absorption fine structure (EXAFS) data were analyzed using the REX2000 software (Rigaku). The transparent solution exhibited Tyndall scattering for a green laser, as shown in Fig. 2 . Dynamic light scattering was applied to measure the particle size distribution in the colloidal solution. The initial solution had a maximum particle size of about 800 nm, which tailed toward larger particle size, as depicted in Fig.   3 . The measured particle size was comparable to that for the starting K 2 TiO 3 powder observed using SEM. The particle size did not change significantly over 2 days, but abruptly decreased to a maximum of ca. 300 nm within 3 days and remained constant. The particles with sizes of ca. 300 nm exhibited Tyndall scattering under green laser irradiation (wavelength  532 nm), although the colloidal solution was transparent to the naked eye. The zeta potential of the colloidal solution changed with time, as shown in Fig. S3 (SI) , which supports the observed change in particle size. The zeta potential was almost 0 mV for the initial solution until it steeply increased to 30 mV within 3 days. The changes in both particle size and zeta potential at around 3 days may be related to the structural changes during an ion exchange reaction. Potassium ion released to the acid solution was analyzed by ICP-AES. The amount of K + increased with duration time and was saturated in 3 days as well as the colloidal particle size 10 and zeta potential as shown in Fig. S4 Microstructure of the colloidal particle was observed on its dried specimen supported on a copper grid by TEM. The particles of the corrugated chains aggregated into several hundreds of nm grains as shown in Fig. 4(a) . The grains almost consisted of titanium oxide, but potassium element hardly appeared in its EDX spectra. Stripe pattern assigned for the chain was obviously observed in the magnified image (Fig. 4(b) ). Width of each stripe was below 1 nm which is comparable with length of b-axis (0.7 nm) corresponding to the distance between single TiO 5 chains. Electron diffraction of the grains showed an amorphous nature as shown in Fig. 4(c) . It was not easy to observe the TiO 5 straight chain structure in nanometer size directly. It may be present in the 11 solution which cannot be applied to the direct observation in TEM apparatus in vacuum. However, the dried grains having a streaked morphology implies an exfoliation reaction of K 2 TiO 3 to TiO 5 nanochain structure.
Ti K-edge X-ray absorption near edge structure (XANES) spectra were is dispersed in the nitric acid solution, the potassium ions are completely exchanged to hydronium ions, while the TiO 5 chain structure of K 2 TiO 3 is maintained ( Fig. 6(b) ), and the solution gradually becomes clear in several days to exhibit the Tyndall effect depicted in Figs. 2(b) and 2(c) . In contrast to the dispersion in acid solution, the K 2 TiO 3 did not exfoliate in distilled water (pH = 7).
However, the pH value of a suspension of the insoluble white K 2 TiO 3 powder increased from 7 to 10. X-ray fluorescence spectroscopy showed a decrease of the K/Ti ratio for the insoluble precipitate powder from 2/1 in K 2 TiO 3 to approximately 1/3 for K 2 TiO 3 in acid solution. Taking hydronium ions into the TiO 3 2-chain structure from solution increased the pH value of the solution and the release of interchain potassium ions from the parent structure, which decreased the K/Ti ratio of the white precipitate. Both the partially decomposed white precipitate and K 2 TiO 3 powder exposed in air were XRD amorphous and did not turn to transparent even when they were dispersed in acid solution. The TiO 5 chain structure has already been destroyed before the dispersion. The colloidal particle size in the initial acid solution was almost comparable to that for K 2 TiO 3 powder, even after the ion exchange reaction of K 2 TiO 3 in aqueous acidic 13 solution had begun, because the residual potassium ions can maintain the network of the chain structure (Fig. 6(b) ). After the ion exchange reaction was completed in several days, the parent crystal structure was disrupted into each chain unit, which resulted in a smaller colloidal particle size, as observed in the particle size distribution measurement. However, the chain structure of titanium polyhedra remained even in the solution and exhibited an isomorphic radial distribution function (RDF) calculated from the EXAFS before and after the dispersion in acid solution, as shown in Fig. 6(c) . TEM observation also exhibited the trace of chain structure. Each chain unit may be coordinated by hydronium ions to stabilize the chain units in the aqueous solution. Negatively poled oxide ion of H 3 O + is expected to coordinate additionally to Ti 4+ polyhedral center. This is quite different from the preparation of nanosheets using bulky organic ions of surfactants. The coordination of H 3 O + results in an increase in the coordination number, as expected from the XANES spectrum, and also in the interatomic distances, as apparent in the RDF. Hydronium ion exchanged with potassium or sodium ion has been reported on several kinds of layered oxides, such as titanoniobate and mica. [32] [33] [34] The increase in zeta potential may be related to the coordination of hydronium ions to the chain structure. 
